Abstract: This article presents the method of comparative assessment of the grinding wheel cutting ability in the plunge grinding kinematics. A new method has been developed to facilitate multicriterial assessment of the working conditions of the abrasive grains and the bond bridges, as well as the wear mechanisms of the GWAS, which occur during the grinding process, with simultaneous limitation of the workshop tests range. The work hereby describes the methodology of assessment of the grinding wheel cutting ability in a short grinding test that lasts for 3 seconds, for example, with a specially shaped grinding wheel, in plunge grinding. The grinding wheel macrogeometry modification applied in the developed method consists in forming a cone or a few zones of various diameters on its surface in the dressing cut. It presents an exemplary application of two variants of the method in the internal cylindrical plunge grinding, in 100Cr6 steel. Grinding wheels with microcrystalline corundum grains and ceramic bond underwent assessment. Analysis of the registered machining results showed greater efficacy of the method of cutting using a grinding wheel with zones of various diameters. The method allows for comparative tests upon different grinding wheels, with various grinding parameters and different machined materials.
Introduction
Grinding is applied in modern automated production to obtain precision shaped, high-quality surfaces [1] [2] [3] [4] [5] [6] [7] . The course, and results, of the grinding processes mostly depends upon the grinding wheel cutting ability, defined as the tool's potential to remove the machined material during the grinding process. In this context it is crucial to select the right grinding wheel characteristics and to be able to evaluate the components of its active surface * E-mail: krzysztof.nadolny@tu.koszalin.pl working conditions (abrasive grains and bond). A number of factors influence the conditions in the grinding wheel zone of contact (with the workpiece), such as: the grinding wheel characteristics, the grinding wheel type, process parameters, kinematics, the workpiece type and the consumption and method of application of the coolant, amongst others [3] [4] [5] [8] [9] [10] [11] . For this reason quick and many-sided assessment of the grinding wheel cutting ability is crucial to optimize the tool's working conditions in relation to the aspects of its wear and eventually to obtain satisfactory and repeatable machining results.
Abrasive grain-related methods have been hitherto used in assessment of phenomena that take place in the grinding zone. They consist of analyzing the results of attempts to cut with a single abrasive grain [12] [13] [14] [15] . Such grain is oriented and mounted in a metal casing (usually through soldering), which is then used to make scratches on the workpiece surface. Such methods are based chiefly on assessment of the removed material volume and the abrasive grain mass loss, registration of the grinding power and analyzes of the visual cutting marks, grain wear forms, chip shapes or the mechanism of fash creation. However, application of the methods of assessment, involving abrasive grain machinability, cutting with a single-grain, are limited as they do not take into consideration, the following aspects, amongst others:
• specific kinematics of the grinding process variants;
• grinding dynamics in the given kinematics;
• influence of adjacent grains in the grinding wheel;
• influence of the bond on the grinding process and the grain bonding force;
• influence of the pore volume on the ability of the coolant to reach the grinding zone and on the ability to gather and remove chips and grinding products from the machining zone;
• randomness of the grain orientation in the grinding wheel;
• influence of smearings created on the grinding wheel active surface (GWAS).
What can sometimes be found in subject literature are descriptions of cutting ability assessment methods, referring not only to abrasive grains, but even the whole grinding wheel. However, in most cases, they require performing long-term experimental tests [11, [16] [17] [18] . Methods that allow quick grinding wheel assessment are usually limited to one synthetic marker, or a few synthetic markers [19] , which allow the evaluators to draw conclusions. In relation to the above details, a new method has been developed [20] to facilitate multicriterial assessment of the working conditions of the abrasive grains and the bond bridges, as well as the wear mechanisms of the GWAS components, which occur during the grinding process, with simultaneous limitation of the workshop tests range. Such method would be applicable mainly in comparative tests realized to optimize the grinding wheel structure and the grinding parameters.
Essence of the method
The described method has been developed with the internal cylindrical plunge grinding process in mind but it can also be successfully used in grinding of shafts or flat surfaces. It consists of a short grinding test that lasts for 3 seconds, for example, with a specially shaped grinding wheel, in plunge grinding kinematics [20] . One of the crucial features of this method is omitting the finish grinding and sparking-out stages. The grinding wheel performs working movement with the applied radial table feed speed , after which it is immediately removed from the workpiece. This aims to obtain the most precise identification of the GWAS wear mechanisms, as well as material removal, chip forming, fash forming, ridging and other mechanisms.
The grinding wheel macrogeometry modification applied in the developed method consists in forming a cone or a few zones of various diameters on its surface in the dressing cut. Fig. 1 presents the kinematic scheme of plunge grinding with a conical grinding wheel (Fig. 1a) and a grinding wheel with zones of various diameters (Fig 1b) , as well as the geometry of two developed GWAS macrogeometry modifications.
In case of shaping the cone on the GWAS, its χ angle should be selected with consideration of such geometric parameters as: grinding wheel height T , workpiece width and machining allowance . It is advised to move the grinding wheel ridge with greater diameter a certain distance in relation to the workpiece (Fig. 1a) . This guarantees later observation of the grinding effects of grains placed on the greatest GWAS operational radius.
When performing tests using a grinding wheel with zones of various diameters, it should be prepared in such way so as to obtain even division of T height into particular working zones (Fig. 1b) . The developed method also assumes that the total machining allowance is divided evenly over the subsequent grinding wheel zones.
The result of such plunge grinding is the mapping of the grinding wheel macrogeometry onto the workpiece, as exemplified by Fig. 2 . Axis grinding wheel profiles measured with the optical profilometry method, with stylus profilometer registered profiles of surface roughness after grinding, were mapped onto it.
The special shaping of the grinding wheel macrogeometry makes particular zones of its active surface work with varying times and workpiece volume removal rates. As a consequence, in particular GWAS zones, the abrasive grains and bond wear, leading to the phenomena of chip forming, or smearing of intergranular spaces, to occur with differing intensities and in various forms. In the case of the conical grinding wheel, these changes take place in a continuous, non-gradual manner, resulting from changes to the grinding wheel diameter (Fig. 2a) . In the case of the stepped grinding wheel, the machining conditions and results are similar in particular grinding wheel zones (Fig. 2b) . A comparative assessment of the GWAS components cutting ability can be realized on basis of grinding parameters registered during the process, such as: grinding power and force, changes of the acoustic emission signal values, vibration and temperature. Further assessment of the grinding wheel cutting ability is carried-out after the various measurements and analyzes of the GWAS, post-grinding, were conducted. Thus, such analyzes, look at the results of the measurement of volumetric and profile wear of the grinding wheel, the parameters of the geometrical structure of the surface (GSS) and microscopic image registration and visual assessment of the degree, and forms, of abrasive grain wear. The cutting ability assessment is also related to the grinding results observed on the workpiece by measuring the workpiece removal rate, parameters of the GSS, shape deviations, microhardness, strains in the surface layer, detecting grinding defects such as burns or microcracks, or registration of microscopic images and visual assessment of the cutting marks. The developed method allows then for a vast analysis of test results, which should, however, be usually limited to the most useful parameters, as defined by the realized test aims.
Comparison of the assessment potential of methods utilising a conical grinding wheel and a grinding wheel with zones of various diameters
To compare the method's possibilities using two GWAS macrogeometries, experimental tests using a tool made from microcrystalline sintered corundum and ceramic glasscrystalline bond [21] [22] [23] with the following technical marking: 1-35×20×10-SG/F46G10VTO was used. The GWAS macrogeometry was shaped in the dressing process, using a diamond single-grain dresser whose mass was Q = 1.25 kr. To shape the conical grinding wheel active surface whose conical angle is χ = 0.21°it was necessary to use a special device for precise conic chamfer shaping [24, 25] . Internal surfaces of the bearing rings made from 100Cr6 steel with hardness 63±2 HRC were plunge grinded. The tests were performed on a working position which consisted of universal grinder RUP-28P equipped with high-speed spindle EV-70/70-2WB, produced by Fischer (Switzerland). Test results obtained using the conical grinding wheel and the grinding wheel with zones of various diameters are presented below.
Results of experiments operated using conical grinding wheel
The first stage of assessment of the results of plunge grinding performed with the conical grinding wheel consisted in analysis of its active surface condition. For this purpose SEM images were registered and the topography of the grinding wheel after machining was measured. In this case a scanning electron microscope JSM5500LV, produced by JEOL Ltd. (Japan), and a measurement system Talysurf CLI 2000, produced by Taylor Hobson Ltd. (UK), were used. Fig. 3 depicts, among others things, the microscopic image which shows a 50× magnification of approximately 2.5 mm of the GWAS perimeter over its whole breadth, comprised of a few dozen single images (Fig. 3b) . Next, characteristic elements present on the GWAS in its subsequent fragments were observed in 200×, 500× and 1000× magnifications, which made analysis of the changes, resulting from increasing allowance and grinding times, possible (Figs. 3c-e) . The analysis of the registered GWAS microscopic images clearly shows that as the grinding time increases, the abrasive grains' wear is greater and greater, and the abrasive wear of the GWAS components dominates. In the GWAS area where the machining allowance is low, it is caused by interaction between the grinding wheel components and the workpiece. As the allowance and the grinding time increase, the abraded surface of the grain vertexes gets larger and larger (Fig. 3e) . Microsmearings are present in the GWAS area which operated the longest (for approximately 3 seconds) and mapping of the workpiece surface shape on the active vertex of one of the grinding wheels can be observed. This proves plasticization of the microcrystalline sintered corundum grain vertexes occurs [11] created as a result of the abrasive wear caused by high temperatures in the area of contact between the grinding wheel and the workpiece [5, 8] . Such temperature increase results from the fact that the described test was carried out without the use of a coolant. On basis of the GWAS microscopic images the size and shape of the chips created in the grinding process can also be assessed. The image presented in Fig. 3 (detail 1) shows that continuous and arc chips predominate, which results from the plastic properties of the ground steel. It can also be observed that the chip size increases along with the machining allowance. The presence of ball chips visible in Fig. 3 (detail 2) also proves significant temperature increase in the microareas of the zone of contact between the grinding wheel and the workpiece. Fig. 4 presents axonometric views of the conical grinding wheel active surface microtopography and the workpiece surface with selected parameters (Sa, St, Sk, Sdr) of geometrical surface structure, determined for three exemplary zones. The GWAS topographies were registered using the measurement system Talysurf CLI 2000, produced by Taylor Hobson Ltd. (UK). The stylus profilometer Hommel-Tester T8000, produced by Hommelwerke GmbH (Germany) was used to measure the workpiece surface microtopography.
The calculated values of the arithmetical mean height Sa of the GWAS (Fig. 4k) remain on a similar level to all three measured grinding wheel areas and their dispersion does not exceed 15%. Kernel roughness depth Sk (Fig. 4l) , whose values decrease in the subsequent grinding wheel areas, proves that dulling of the abrasive grains occurs over time. Sk parameter values for zones II and III decreased respectively by 15 and 30% in comparison to the value determined from the GWAS microtopography in zone I. The same direction of change was observed in the results of the developed interfacial area ratio Sdr (Fig. 4m) , whose values decreased in total by 12.5%, when zones I and III are compared.
The research methodology that has been used, characterized by omitting the finish and sparking-out stages, made the GSS parameters related to the workpiece surface (Figs. 4n-r) assume relatively high values. As a result, on the basis of the measured surface microtopography after grinding, conclusions can be drawn concerning the course of the cutting mechanism in the rough grinding conditions. A comparison of the workpiece surface roughness parameter values, with various allowances, shows that as the machining allowance increases, the surface roughness, after machining, grows. In case of parameters Sa, St and Sk, the increase was respectively 25, 22 and 34%, if values calculated in areas I and III are compared. This results from the increasing, along with the grinding wheel diameter, cross-section of the cut layer accruing on a single abrasive grain. The determined Sdr parameter values remained at a similar level and the difference between them did not exceed 5%. This proves that the machined surface was developed in a similar manner in all three measured areas.
The realized analyses of the condition of the GWAS and the workpiece surface, after grinding, shows that with the assumed machining parameters, the grinding wheel cutting ability decreases along with the machining allowance. Despite the very short grinding time, which was 3 seconds, the abrasive grains located on the greatest grinding wheel diameter suffered visible wear. This means that undertaking of grinding in such conditions causes a rapid loss of the grinding wheel cutting ability. Therefore, improvement of the tool working conditions is desired and should be looked for, e.g. through the application of coolant.
Results of experiments operated using grinding wheel with zones of various diameters
The test of the grinding wheel with zones of various diameters was conducted using a coolant, in the form of a water solution with 5% of Castrol Syntilo RHS oil, introduced into the machining zone, via the flooding method, with the flow rate Q = 3.0 l/min. The analysis of the obtained images (Fig. 5) shows that as a result of cooling, the abrasion surfaces of the abrasive grains were considerably less diminishing in comparison with the conical grinding wheel active surface images after dry grinding (Fig. 3) . This proves that the temperature in the contact zone was decreased as a result of application of the coolant. However, this procedure did not prevent occurrence of microsmearings on the grain vertexes, especially in the II and III GWAS zones (Fig. 5) . No continuous chips were registered on the GWAS, only minor microchips placed around the active grain vertexes which took part in the material removal process. Fig. 6 compares the axonometric views of the microtopography of the active surface of the grinding wheel with zones of various diameters and the workpiece surface measured in three zones. The calculated values of the chosen GSS parameters of the analyzed surfaces are presented in chart form in Figs. 6k-r. When GSS parameters of subsequent GWAS zones (Figs. 6k-m) are compared, it can be observed that their values remain at a similar level for all three zones. The greatest differences in values were noted for parameter St (15%), while the dispersion of the Sa and Sdr parameters was respectively 13 and 7%. The decreasing tendency of St and Sdr parameter values, along with the increasing grinding time in subsequent tool zones, can prove that insignificant dulling of the active grain vertexes is taking place.
Comparison of the workpiece surface roughness parameters, calculated for three subsequent machining zones (Figs. 6n-r) , proves significant surface roughness increase in successive zones. The Sa, Sk and Sdr parameter values assumed values 50 to 63% greater in zone III, compared to zone I. As in zone I the machining allowance was 0.02 mm and in zone III it was 0.06 mm, thus it can be concluded that the machining allowance value influenced the geometrical structure of the surface, shaped in the internal cylindrical plunge grinding process with the applied grinding wheel, in a decisive manner. It should also be emphasized that the roughness parameters of the surface machined with the grinding wheel with zones of various diameters had two to three times lower values in comparison to the roughness parameters of the surface ground with the conical grinding wheel. This results from application of the coolant in the case of grinding using the grinding wheel with zones of various diameters. Shaping three zones with various diameters on the GWAS allowed for assessment of the tool cutting ability simultaneously after three different grinding times. With the assumed process parameters, the cutting ability of the applied grinding wheel should be assessed as satisfactory, in relation to all three assessed zones. What should also be noted are the occurring microsmearings on the active grain vertexes with grinding time ≈ 2 s (zone II) and ≈ 3 s (zone III). Their small size, however, does not threaten the process stability. Application of the coolant contributed to firm limitation of the mechanisms of abrasive wear of the active grain vertexes. This also influenced removal of the grinding products from the GWAS in a positive manner. 
Conclusions
The presented method of assessment, the cutting ability of the grinding wheel in the plunge grinding process with grinding wheels utilising a specially shaped active surface macrogeometry, was verified on basis of internal cylindrical grinding in steel 100Cr6. Analysis of the registered machining results showed greater efficacy of the method of cutting using a grinding wheel with zones of various diameters. It allows for steering the grain strain in particular grinding wheel zones through proper selection of their diameters and operation time. It is also characterized by constant grinding conditions in each zone, which enables the drawing of more reliable conclusions concerning the machining conditions. Moreover, it does not require application of special devices for precise shaping of small angle cone on the GWAS. Shaping the zones with various diameters takes place using conventional dressing and conditioning methods for grinding wheels. The experimental tests performed confirmed the usefulness of the presented method in assessing the mechanisms of wear, of components of the grinding wheel active surface, Figure 6 . Microtopographies and selected GSS parameters of the active surface of the grinding wheel with zones of various diameters and the workpiece: a) scheme of the process; b) measured microtopography of the GWAS; c) levelled microtopography of the GWAS; d-f) selected GSS parameters for the three zones of the GWAS; g) measured microtopography of the workpiece surface; h-j) selected GSS parameters for the three zones of the workpiece surface; k-m) setting-up of values of the selected GSS parameters for the three areas of the GWAS; n-r) setting-up of values of the selected GSS parameters for the three areas of the workpiece surface.
that take place during grinding, as well as the various phenomena that cause them. One of the greatest advantages of this method is the fact that a multifaceted assessment of the material removal conditions, resulting from changes to the grinding wheel components strain, is possible as a result of a short grinding test. The described method also enables comparative tests of grinding wheels with different characteristics with diverse grinding parameters, or for various workpieces. These features appear to be especially useful in researching the grindability of hard-to-cut materials. 
Nomenclature

